Biomass production by the green algae Scenedesmus obliquus and Chlorella vulgaris in intensive laboratory continuous cultures was considerably affected by the pH at which the cultures were maintained. Carbon photoassimilation experiments revealed that pH values in the range of 8 to 9 were important for determining the free CO2 concentrations in the medium. With higher pH values, additional pH effects were observed involving a decrease in the relative high affinity of low C02-adapted algae to free CO2. The carbon uptake rate by high C02-adapted algae after transfer to low free CO2 medium was characterized by a lag period of about 30 min, after which the affinity of the algae to CO2 increased considerably. Both continuous growth and carbon uptake experiments indicated that artificially maintained high free CO2 concentrations are recommended for maximal production in intensive outdoor algal cultures.
Biomass production by the green algae Scenedesmus obliquus and Chlorella vulgaris in intensive laboratory continuous cultures was considerably affected by the pH at which the cultures were maintained. Carbon photoassimilation experiments revealed that pH values in the range of 8 to 9 were important for determining the free CO2 concentrations in the medium. With higher pH values, additional pH effects were observed involving a decrease in the relative high affinity of low C02-adapted algae to free CO2. The carbon uptake rate by high C02-adapted algae after transfer to low free CO2 medium was characterized by a lag period of about 30 min, after which the affinity of the algae to CO2 increased considerably. Both continuous growth and carbon uptake experiments indicated that artificially maintained high free CO2 concentrations are recommended for maximal production in intensive outdoor algal cultures.
The roles of carbon dioxide and bicarbonate ion in algal photosynthesis have long been subjects of intensive experimental work. Until now, there has been no general agreement on the mechanisms by which bicarbonate contributes to carbon photoassimilation or on the role of carbonic anhydrase in algal photosynthesis.
In an early work, Osterlind (13) found a lag period in HCO3 utilization by Scenedesmus quadricauda and ascribed it to an activation period of either bicarbonate absorption or carbonic anhydrase formation. Raven (15) reviewed the literature and concluded that carbonic anhydrase is involved specifically in bicarbonate use by converting the carbon species entering the cell to the form used in carboxylation. He also suggested an active bicarbonate transport in some algal cells. Graham and Reed (8) found increased carbonic anhydrase concentrations when Chlorella pyrenoidosa cells are transferred from 5% C02-enriched air to air only. They suggested the involvement of carbonic anhydrase in photophosphorylation reactions by catalyzing the formation of protons. Findenegg (4) demonstrated three steps in the adaptation of C02-grown Scenedesmus obliquus to the use of HCO3 ; all three are involved in the production of carbonic anhydrase by this alga. He showed that the affinity of CO2-adapted S. obliquus to CO2 is low and increases only after over 4 h of aeration with low CO2 air. The low affinity of CO2-adapted S. obliquus was also shown by Radmer and Ollinger (14), who suggested active assimilation of HCO3by air-adapted algae. Lehman (11) reconfirmed the well-established opinion that free CO2 is the only direct substrate for the Calvin cycle and suggested that bicarbonate serves as a vehicle for the transport of inorganic carbon into the cell. Miller and Colman (12) assumed direct HCO3 utilization by the blue-green alga Coccochloris peniocystis through active transport of the ion into algal cells. Tsuzuki et al. (17) found that bicarbonate, in the presence of carbonic anhydrase, is used by Chlorella pyrenoidosa cells and suggested the indirect supply of CO2 through carbonic anhydrase activity. A different approach was evaluated by Badger et al. (1) , who found that low C02adapted Chlamydomonas reinhardtii cells are able to concentrate CO2 up to 40-fold in relation to the external medium. This finding was confirmed for Chlorella emersonii by Beardall and Raven (2) , who suggested an active transport of inorganic carbon, which accounts for the accumulation of CO2 in the cells. The inorganic carbon source for algal photosynthesis has a special role in intensive microalgal cultures. In outdoor mass cultures, carbon supply will usually be either in the form of CO2enriched air or as bicarbonate salts. Choosing the right method might have a great impact on algal production.
The effect of pH in intensive microalgal cultures was discussed previously (6) . It was suggested that pH tolerance limits of the algae tested are governed either by chemical influence on the growth medium or by metabolic effects on the cells. In addition it was concluded that the maximum tolerable pH is not influenced by the availability of inorganic carbon.
However, pH is the major determinant of the relative concentrations of the carbonacious sys-tem species in water and could affect the availability of carbon for algal photosynthesis in intensive cultures.
In this study the effect of pH on algal biomass production was evaluated concomitant with carbon uptake experiments to follow the effect of pH on algal photosynthesis. The findings were compared with the different approaches regarding inorganic carbon utilization discussed above, and an attempt was made to distinguish between pH and carbon supply effects in intensive algal cultures.
MATERIALS AND METHODS
Cultures of the freshwater chlorophytes S. obliquus (Turp.) Kutz and Chlorella vulgaris (Beij) were obtained from the laboratory of M. Gibbs at Brandeis University, Waltham, Mass.
Each species was first grown to steady state in continuous cultures maintained at a dilution rate of 0.5 day-'. The freshwater medium contained 0.4 mM MgCl2, 0.4 mM MgSO4, 0.2 mM CaCl2, 12 mM NaNO3, 1 mM KH2PO4 and trace metals plus the sodium iron salt of EDTA in a twofold dilution of the amount in f-medium (9) .
The continuous culture apparatus (a bank of six 0.5liter cultures), the culturing protocols, and the experimental analyses were virtually identical to those described previously (7) . Continuous lighting (50 W of visible light per m2) and temperature control (22°C) were used, and cultures were mixed with magnetic stirring bars. Liquid medium was metered into the cultures with a multichannel peristaltic pump. Both the medium and the peristaltic pump were housed in a refrigerator maintained at 5°C. Tubing was constructed of glass and Teflon, with a small section of silicon tubing inserted through the pump.
High C02-adapted algae. Cultures were aerated continuously with a mixture of 1% CO2 in air, producing a constant pH value of approximately 7.5 at steady state.
Low C02-adapted algae. Cultures were maintained at a constant pH value of 9.5 with a pH-stat system described previously (6) . A combination of pH probe connected to a pH controller was used to monitor pH in each culture. The utilization of bicarbonate by algae tends to increase culture pH as follows:
HC03--* CO2 + OH-(1) When the pH exceeded the designated level, a solenoid valve was opened, allowing 1% C02-enriched air to bubble through the culture to lower the pH. Using the dissociation constants of the inorganic carbon species in water (10), I calculated that before the next flux of C02-enriched air to the culture, the low C02adapted algae were exposed to only 0.05 mg of carbon of free CO2 per liter of medium, as compared with 10 mg of carbon per liter in the high C02-adapted algae cultures.
The low C02-adapted algae cultures were inoculated in media containing 2 mM NaHCO3, but the continuous media flow, which was common to both high and low C02-adapted algae, did not contain any carbon sources. However, bicarbonate alkalinity of approximately 60 mg/liter as dissolved inorganic carbon (DIC) was attained in low C02-adapted algae cultures at steady state. This is caused by the utilization of nitrate by the algae, producing hydroxyl ion which combines with the CO2 bubbled to the medium to produce bicarbonate (3). Nevertheless, one series of S. obliquus cultures was supplemented with 2 mM NaHCO3 in the media and was compared with the unfortified cultures.
After a steady-state condition was attained (ca. 1 week), samples were withdrawn from each culture and used for short-term incubations to measure photoassimilation of inorganic carbon during exposure to different pH values.
Whole culture samples were centrifuged at 3,500 rpm for 5 min and suspended in fresh medium (without carbon salt in it). Appropriate buffers were added to the assay chambers to maintain a constant pH during the incubation. The buffers used were TAPSO (3-[N-tris(hydroxymethyl)methyl-amino]-2-hydroxypropane sulfonic acid) for pH 7.2 and AMPSO (3-[N-(a,a-dimethylhydroxyethyl)-amino]-2-hydroxypropane sulfonic acid) for pH 8.1 to 9.3. All of the buffers were added to a final concentration of 10 to 30 mM, depending on the algal biomass concentration in the assay. Variations in pH during the incubations did not exceed ± 0.05 U during the first 30 min and ± 0.2 U during 4 h of incubation.
Mixtures of whole culture samples and fresh media, together with the appropriate amounts of buffer, were placed in 150-ml water-jacketed glass incubation vessels (the light intensity and temperature were identical to steady-state cultures). NaHCO3 at desired DIC concentrations was added finally to avoid adaptation of the high C02-adapted algae to bicarbonate uptake before the experiment, and NaH14CO3 was added to give a final radioisotope concentration of about 0.05
RCiYi.mol of total DIC. The final assay volume was 40 ml. The contents were gently mixed during the incubation with small magnetic stirring bars. Aliquots (0.5 ml) were harvested every 5 min for the first half-hour of the assay, every 10 min during the next half-hour, and every 30 min during the last 3 h. The samples were added to scintillation vials together with 2 ml of methanol (acidified with 5% glacial acetic acid). The contents were evaporated to dryness under an infrared lamp, suspended in 0.5 ml of distilled water, and then suspended in 5 ml of scintillation fluid (Handifluor). Radioactivity was measured by liquid scintillation counting, using a Beckman LS-100C instrument.
Algal particulate carbon (PC) and particulate nitrogen (PN) were analyzed on precombusted glass filters (Whatman GF/C) with a Perkin-Elmer 240 elemental analyzer. Total DIC was measured with a Dohrmann PR-1 analyzer.
Chlorophyll a was determined by a methanol extraction method modified for high algal biomass concentrations. Whole culture (2 ml) was filtered through a GF/C filter; the filters were folded and placed in a Pyrex top-screw test tube containing approximately 6 ml of methanol. The test tubes were agitated and placed in a bath (Termolyne Dri-Bath) at 60°C for 10 min. The samples were then cooled in the dark for about 10 min and refiltered through GF/C filters into a 10-ml volumetric vial. The remaining filtrate in the test tube was washed by approximately 3 ml of warm methanol and also filtered into the volumetric vial. The whole filtrate was brought to a final volume of 10 ml by adding methanol. Optical density was measured against a methanol blank at 665 and 750 nm with a Spectronic 88 (Bausch & Lomb, Inc.) spectrophotometer. The chlorophyll a concentration was determined by using the coefficient given by Talling (16) 
RESULTS
Algal cultures at pH 7.5 which were continuously sparged with 1% C02-enriched air (high C02-adapted algae) had considerably higher algal concentrations at steady state than did low C02-adapted algae grown at pH 9.5 for both algal species studied ( Table 1 ). The increased biomass concentration was about 65% for S. obliquus and was almost equally reflected in all of the parameters determined. In Chlorella vulgaris cultures, the difference was even higher; there was approximately a 95% increase in dry weight and PC and approximately a 75% increase in chlorophyll a concentration.
Adding NaHCO3 to the media did not affect the general results shown above; S. obliquus cultures had constituents almost identical to those shown in Table 1 , even when bicarbonate was added continuously to the culture ( Table 2 ).
The 14C uptake experiments revealed similar carbon uptake characteristics for both algal species tested. At pH 7.2, both high and low C02adapted algae showed linear photoassimilation of carbon, which was observed for up to 4 h of incubation (Fig. 1 ). The specific carbon uptake, expressed as milligrams of carbon per gram of PC per minute was higher at this pH level for both algal types then the carbon uptake at pH 9.2 ( Table 3 ). At the higher pH level, the low C02-adapted algae showed a constant linear photoassimilation of carbon at a rate substantially lower than that observed at pH 7.2. The high C02-adapted algae, on the other hand, once transferred to pH 9.2 showed a lag period of about 20 min; during this time carbon uptake was very low. After about 30 min, carbon uptake increased considerably until a linear photoassimilation rate was attained after about 1 h of incubation; this continued on a relatively low level for the course of the experiment (up to 4 h) ( Fig. 1 and Table 3 ).
A constant carbon uptake by high C02-adapted algae (pH range, 8.1 to 9.3) was observed when added DIC concentrations were calculated to produce 0.1 mg of carbon offree CO2 per liter of medium in each assay vial (Fig. 2) . The same experiment with low C02-adapted algae revealed constant carbon uptake at a higher level up to pH 8.9, above which a sharp decrease in carbon uptake was observed (Fig. 2) . Photoassimilation of carbon by both algal types showed an almost linear dependence on DIC concentrations in a range of 5 to 40 mg of carbon per liter at pH 8.5, which produced free CO2 concentrations in a range of 0.035 to 0.28 mg of carbon per liter, respectively ( Fig. 3) . At pH 9.2 the high C02-adapted algae had a linear relation of carbon uptake rate to DIC concentration only during the first 30 min of incubation, after which a saturation curve, similar to that of low C02adapted algae, was observed ( Fig. 4) . A saturation curve at higher DIC concentrations was also observed at pH 8.5 for algae grown at the same pH before the experiment (Fig. 5 ). Increasing biomass concentrations at a given DIC concentration decreased linearly the specific carbon uptake by the algae (Fig. 6 ).
DISCUSSION
The decreased algal production which followed pH increase in continuous algal cultures was due mainly to decreasing the free carbon dioxide concentration in the medium. However,~. this is not the only pH effect on algal photosynthesis, especially at high pH values. It was observed that for both high and low C02-adapted algae, pH values in the range of 8.1 to 8.9 eventually had no effect on algal photosynthesis when added inorganic carbon was calculated to produce equal free CO2 concentrations in each pH value (Fig. 2) . (The range of pH values in this *, High C02-adapted algae (0 to 30 min); O carbon uptake rate by low C02-adapted algae '02-adapted algae (50 to 120 min); and 0, low was observed above pH 8.9 (Fig. 2) . lapted algae (0 to 120 min).
Both algal types were carbon limited under the experimental conditions because increasing the DIC concentration in the medium increased iment was restricted by DIC concentra-the algal carbon uptake rate (Fig. 3) . It is clear, because at values below pH 8 the DIC therefore, that the constant carbon uptake rate *ed to produce 0.1 mg of carbon offree CO2 observed in Fig. 2 was determined by the conter of medium is too low and would have stant free CO2 concentrations in the medium and consumed in a short time, whereas at did not reflect maximal carbon uptake rate for s above pH 9.3 the required DIC concen-the experimental light intensity. ns were very high.) However, high CO2-
The low C02-adapted algae, which were ed algae showed no additional pH effect up grown before the carbon uptake experiments at 9.3, but a sharp decrease in the specific free CO2 concentrations as low as 0.05 mg of carbon per liter, had a higher affinity to CO2. This was demonstrated by the considerably higher carbon uptake rate at a free CO2 concentration of 0.1 mg of carbon per liter than that of the high C02-adapted algae, which were grown before the experiment at free CO2 concentrations as high as 10 mg of carbon per liter ( Table 2 and Fig. 2) . Eventually, the affinity of low CO2adapted algae to free CO2 was adversely affected by increasing the pH to over 8.9, although the low affinity of high C02-adapted algae to free CO2 was not affected, even at pH 9.3 (Fig. 2 ).
Exposure to low free CO2 concentrations stimulates the affinity of both S. obliquus and Chlorella vulgaris to CO2. When high C02-adapted algae of both species were transferred from a steady-state pH of 7.5 and a free CO2 concentration of 10 mg of carbon per liter to the experimen-) 50 100 1~200 tal vials at pH 9.2 and a free CO2 concentration of DC (mgC/1f) 0.052 mg of carbon per liter, photoassimilation of 5. Effect of DIC concentration on 14C uptake carbon was at a very low rate for about 30 min, obliquus at pH 8.5. The algae were grown at the after which a considerable increase in carbon pH before the experiment. Algal biomass, 32 mg uptake rate was observed ( Fig. 1 and Table 3 ). per liter.
However, the carbon uptake rate at this stage was lower than that of the low C02-adapted algae, which were grown at similar low free CO2 concentrations before the carbon uptake experiments ( Fig. 1 and 4) . Figure 4 indicates an additional effect of pH on algae which have higher affinity to CO2. Carbon uptake rate by high C02-adapted algae during the first 30 min of incubation had a linear dependence on DIC concentration. The same algal type with higher affinity to CO2 (after 50 min of incubation) as well as low C02-adapted algae showed a saturation curve at the same DIC concentrations at a rate substantially lower than the maximal carbon uptake rate. The concentration of carbonic anhydrase was not measured in this study, but it seems unlikely that it had any effect in our experiments, since an increased rather than a constant carbon uptake rate would be expected by increasing bicarbonate concentrations (Fig. 2) . However, the algae in this study were centrifuged before the carbon uptake experiments and resuspended in fresh medium so that carbonic anhydrase activity outside the cells could have been delayed until its external concentration increased to an adequate level.
The substantial difference in steady-state concentrations at different pH values for both S. obliquus and Chlorella vulgaris (Tables 1 and 2) probably cannot be related solely to the free CO2 concentration in the medium. Table 2 indicates that at pH 8.5 the cultures had a total inorganic carbon concentration of about 110 mg of carbon per liter which produced 0.73 mg of carbon of free CO2 per liter of medium, whereas Fig. 5 indicates that the carbon uptake rate at pH 8.5 increased only slightly by increasing the DIC concentrations to over 60 mg of carbon per liter. It might be assumed, therefore, that the steadystate algal concentration at pH 8.5 was determined by factors other than free CO2 concentration. However, the possibility of free CO2 limitation cannot be completely rejected if we bear in mind that the biomass concentration in the experimental vials (Fig. 5 ) was only 32 mg of PC per liter, whereas its concentration in steadystate cultures was about 550 mg of PC per liter ( Table 2 ). The effect of increasing biomass concentrations on specific carbon uptake at a constant DIC concentration (Fig. 6 ) strongly suggests that free CO2 was at least partly involved in determining the upper biomass concentration at pH 8.5. At pH 9.5 it was shown that pH affects algal photosynthesis both by determining free CO2 concentration in the medium and by lowering the affinity of the algae to free CO2.
In intensive outdoor microalgal cultures, the external uncontrolled parameters, light intensity and temperature, are the main factors which determine algal production (5). However, this study indicates that carbon may well be a limit-ing factor when available free CO2 concentrations are low in dense algal cultures. When a constant supply of C02-enriched air is sparged to the culture, high concentrations of free CO2 are constantly available, and carbon limitation is unlikely to occur. However, when bicarbonate is the only source of carbon, culture pH will rise, and free CO2 concentrations will eventually be limiting. Even by introducing C02-enriched air as a response to photosynthetic pH increments (see Materials and Methods), the free CO2 is rapidly consumed, and because the next flux of the air mixture to the culture has to follow bicarbonate consumption by the algae, which increases the pH (equation 1), a carbon limitation at that period is assumed. It is recommended, therefore, either to introduce a mixture of CO2 in air to outdoor algal cultures, or, in the case of bicarbonate as the carbon source, to keep the culture pH low enough so that free CO2 concentrations in the culture will be above saturation.
